Mast cells play a key role in induction of anaphylaxis, a life-threatening allergic reaction which occurs rapidly after exposure of certain antigens, such as foods, drugs, and insect venoms (Sampson et al., 2005) . Mast cells express the high-affinity receptor for IgE, FcRI, on their surface, and binding of multivalent antigens to FcRI-bound IgE induces receptor aggregation and triggers mast cell activation (Kawakami and Galli, 2002; Kraft and Kinet, 2007) . Activated mast cells secrete preformed chemical mediators, including proteases and vasoactive amines such as histamine, which are stored in cytoplasmic secretory granules (Kawakami and Galli, 2002; Lundequist and Pejler, 2011) . This process involves the movement of secretory granules and their fusion with the plasma membrane followed by exocytosis to release the chemical mediators (Blott and Griffiths, 2002; Lundequist and Pejler, 2011) . Degranulation of mast cells is therefore a complex and multistep process that is tightly regulated by FcRI-mediated signals.
Upon aggregation of FcRI with IgE and antigens, two parallel signaling cascades operate. One cascade is initiated by activation of the Src family protein tyrosine kinase Lyn, which is bound to the FcRI  subunit, and involves subsequent activation of the nonreceptor protein tyrosine kinase Syk (Kawakami and Galli, 2002; Kraft and Kinet, 2007; Alvarez-Errico et al., 2009; Gilfillan and Rivera, 2009; Kambayashi et al., 2009) . The activated Syk then phosphorylates multiple substrates, including PLC- (Kawakami and Galli, 2002; Kraft and Kinet, inactivation of GSK3 were impaired, resulting in a marked reduction in microtubule dynamics and a severe defect in degranulation. Our results thus define a novel regulatory mechanism controlling degranulation response in mast cells.
RESULTS

DOCK5, but not DOCK2, is required for induction of anaphylactic responses in vivo
DOCK proteins constitute a family of evolutionarily conserved GEFs for the Rho family of GTPases. This family consists of 11 members and is further classified into four subfamilies (DOCK-A, -B, -C, and -D) based on their sequence homology and substrate specificity (Côté and Vuori, 2002) . DOCK-A subfamily proteins, including DOCK1 (also known as DOCK180), DOCK2, and DOCK5, act as Rac-specific GEFs in varied biological settings (Kiyokawa et al., 1998; Fukui et al., 2001; Vuori, 2002, 2006; Sanui et al., 2003; Kunisaki et al., 2006; Gotoh et al., 2010; Sanematsu et al., 2013) . To investigate whether DOCK-A GEFs are involved in regulation of mast cell functions, we analyzed their expressions in mast cells. Western blot analysis revealed that mast cells express DOCK2 and DOCK5, but not DOCK1 (not depicted). As mast cells are important for induction of IgE-mediated allergic responses, we first examined the potential function of these Rac GEFs in systemic anaphylaxis by using the knockout mice that had been backcrossed onto a C57BL/6 background for more than eight generations. For this purpose, we passively sensitized mice with anti-DNP IgE antibody 24 h before intravenous administration of DNPhuman serum albumin (HSA). When sensitized WT C57BL/6 mice were challenged with DNP-HSA, they exhibited a progressive decrease in rectal temperature to 3.2°C below the basal level by 15 min (Fig. 1 A) . Similar results were obtained when DOCK2-deficient (Dock2 / ) mice were similarly treated with DNP-HSA (Fig. 1 A) . Surprisingly, however, rectal temperature was only modestly affected in DOCK5-deficient (Dock5 / ) mice (Fig. 1 A) . Consistent with this finding, Dock5 / mice, compared with WT and Dock2 / mice, exhibited a marked reduction in serum concentration of histamine (Fig. 1 B) .
To further investigate the role of DOCK5 in allergic responses in vivo, we next examined cutaneous anaphylaxis in mice sensitized with anti-DNP IgE antibody. When WT and Dock2 / mice were challenged by epicutaneous application of dinitrofluorobenzene (DNFB) in acetone and olive oil in the left ear, the thickness of the left ear markedly increased by 6.5 h, as compared with that of the right ear treated with vehicle alone (Fig. 1 C) . However, the ear swelling in response to DNFB stimulation was reduced macroscopically and histologically in Dock5 / mice (Fig. 1, C and D) . Toluidine blue staining and flow cytometric analysis revealed that normal numbers of mast cells exist in the ear, stomach, and peritoneal cavity of Dock5 / mice (Fig. 1, E and F) . Collectively, these results indicate that DOCK5 deficiency renders mice resistant to systemic and cutaneous anaphylaxis without affecting mast cell development.
2007; Alvarez- Errico et al., 2009; Gilfillan and Rivera, 2009; Kambayashi et al., 2009) . The other cascade uses Fyn, another FcRI-associated Src family protein tyrosine kinase (Kraft and Kinet, 2007; Alvarez-Errico et al., 2009; Gilfillan and Rivera, 2009; Kambayashi et al., 2009) . Fyn phosphorylates the adaptor protein Gab2, which leads to activation of phosphatidylinositol 3-kinase (PI3K) through association with the p85 regulatory subunit (Gu et al., 2001; Parravicini et al., 2002; Nishida et al., 2005 Nishida et al., , 2011 . Several lines of evidence indicate that although the Lyn-Syk-PLC- axis regulates granuleplasma membrane fusion and exocytosis by controlling calcium response (Nishida et al., 2005; Alvarez-Errico et al., 2009; Gilfillan and Rivera, 2009; Kambayashi et al., 2009) , the FynGab2 pathway plays a key role in translocation of secretory granules to the plasma membrane (Parravicini et al., 2002; Nishida et al., 2005 Nishida et al., , 2011 . However, little is known about the distal events controlling mast cell degranulation. In particular, movement of secretory granules requires dynamic rearrangement of microtubules (Martin-Verdeaux et al., 2003; Smith et al., 2003; Nishida et al., 2005; Dráber et al., 2012 ), yet the signaling events regulating this step of mast cell activation are poorly understood.
GSK3 is a serine/threonine kinase that negatively regulates microtubule dynamics (Cohen and Frame, 2001; Zhou and Snider, 2005) . In resting cells, GSK3 phosphorylates many microtubule-binding proteins and inhibits their ability to interact with microtubules and to promote microtubule assembly (Zhou et al., 2004; Yoshimura et al., 2005; Kim et al., 2011) . This inhibitory effect is relieved when GSK3 is phosphorylated at serine residue of position 9 (Ser9; Cohen and Frame, 2001) . Although knockdown experiments revealed a role for GSK3 in cytokine production, chemotaxis, and survival of human mast cells (Rådinger et al., 2010; Rådinger et al., 2011) , aggregation of FcRI also induces GSK3 phosphorylation at Ser9 (Rådinger et al., 2010) . Therefore, phosphorylation-dependent inactivation of GSK3 may be involved in FcRI-mediated regulation of microtubule dynamics in mast cells.
DOCK5 is a member of the atypical guanine nucleotide exchange factors (GEFs) for the Rho family of GTPases (Côté and Vuori, 2002) . Although DOCK5 does not contain the Dbl homology domain typically found in GEFs (Schmidt and Hall, 2002) , DOCK5 mediates the GTP-GDP exchange reaction for Rac through DOCK homology region 2 (DHR-2; also known as CZH2 or Docker) domain (Brugnera et al., 2002; Côté and Vuori, 2002; Meller et al., 2002) . DOCK5 is widely expressed in various tissues and regulates multiple cellular functions, including myoblast fusion and bone resorption (Laurin et al., 2008; Vives et al., 2011 ), yet its roles in the immune system and immune responses remain unexplored. In this study, we demonstrate that DOCK5 regulates FcRI-mediated anaphylactic responses in vivo and mast cell degranulation in vitro. Unexpectedly, this regulation by DOCK5 does not require its Rac GEF activity, but instead involves association with Nck2 and Akt. When this interaction was blocked in mast cells, FcRI-mediated phosphorylation and (Fig. 2 B ; Morii et al., 1997) . In addition, we found that DOCK5 deficiency does not affect survival of mast cells in vitro (not depicted). To confirm whether DOCK5 plays a specific role in mast cells during anaphylactic responses, we injected WT and Dock5 / BMMCs intravenously into Kit W-sh/W-sh C57BL/6 mice, which are devoid of mast cells in multiple anatomical sites at 10 wk old (Grimbaldeston et al., 2005; Wolters et al., 2005) . 11 wk after intravenous injection, comparable numbers of WT and Dock5 / BMMCs were DOCK5 acts in mast cells and regulates anaphylactic responses in vivo Mast cells can be differentiated from BM cells in vitro by treatment with IL-3. When the expression levels of mast cell developmental markers c-kit and FcRI were compared, no significant difference was found between WT and Dock5 / BM-derived mast cells (BMMCs; Fig. 2 A) . Similarly, mast cell-specific proteases such as mMCP5, mMCP6, and MC-CPA were normally expressed in Dock5 / BMMCs Fig. 3 A) , in spite of the fact that the total amount of -hexosaminidase was comparable between WT and Dock5 / BMMCs (see Materials and methods). Similar results were obtained when histamine release was analyzed (Fig. 3 B) . In contrast, DOCK5 deficiency did not affect FcRI-mediated production of IL-6 and IL-13 by BMMCs (Fig. 3, C and D) . In addition, the release of lipid mediators such as prostaglandin D 2 and leukotriene C 4 were unchanged between WT and Dock5 / BMMCs (Fig. 3, E and F) . These results indicate that DOCK5 selectively regulates degranulation response during FcRI-mediated mast cell activation.
BMMCs (
The secretory granules of mast cells possess several proteins present almost exclusively in lysosomes in nonhematopoietic cells, and for this reason, these organelles have been referred to as secretory lysosomes (Blott and Griffiths, 2002) . We examined intracellular trafficking of secretory granules by visualizing them with LysoTracker. Before stimulation with DNP-HSA, LysoTracker-positive secretory granules were found in cytoplasm in both WT and Dock5 / BMMCs found in the stomach and spleen, indicating that DOCK5 deficiency does not affect engraftment of transferred mast cells (Fig. 2, C and D) . However, although Kit W-sh/W-sh mice receiving WT BMMCs exhibited a marked decrease in rectal temperature upon stimulation (Fig. 2 E) , administration of Dock5 / BMMCs failed to effectively induce systemic anaphylaxis in Kit W-sh/W-sh mice (Fig. 2 E) . These results indicate that DOCK5 acts in mast cells and regulates systemic anaphylaxis in vivo.
DOCK5 regulates mast cell degranulation by controlling microtubule dynamics
To determine the precise role of DOCK5 in mast cells, we sensitized WT and Dock5 / BMMCs with anti-DNP IgE antibody in vitro and then stimulated them with varying doses of DNP-HSA. Upon stimulation, WT BMMCs released considerable amounts of -hexosaminidase, a protein stored in secretory granules (Fig. 3 A) . However, FcRI-mediated -hexosaminidase release was severely impaired in Dock5 / 
DOCK5 regulates mast cell degranulation through association with Nck2
To explore the mechanism by which DOCK5 regulates microtubule dynamics and degranulation in mast cells, we first analyzed phosphorylation and activation of signaling molecules downstream of FcRI. Upon cross-linking of FcRI, Lyn, Syk, and PLC-2 were comparably phosphorylated between WT and Dock5 / BMMCs (Fig. 4 A) . Consistent with this finding, FcRI-mediated calcium influx was intact in Dock5 / BMMCs (Fig. 4 B) . Similarly, phosphorylations of Erk, p38, Gab2, and Akt as well as production of phosphatidylinositol 3,4,5-triphosphate (PIP 3 ) were unchanged between WT and Dock5 / BMMCs (Fig. 4, C and D) . These results indicate that canonical signaling cascades important for mast cell functions operate normally even in the absence of DOCK5.
Several lines of evidence indicate that microtubule dynamics are regulated directly or indirectly by small GTPases (Etienne-Manneville and Hall, 2002) . Although DOCK5 acts as a Rac GEF (Côté and Vuori, 2006; Sanematsu et al., 2013) , FcRI-mediated Rac activation was unchanged between WT and Dock5 / BMMCs (Fig. 5 A) . To determine the functional domain of DOCK5 critical for mast cell degranulation, we expressed several mutants of GFP-fusion DOCK5 (GFP-DOCK5) in Dock5 / BMMCs by adenoviral transfer (Fig. 5 B) . By analogy to the DOCK2 DHR-2 domain (Fig. 3 G) . However, although the LysoTracker dye rapidly disappeared in WT BMMCs upon stimulation with DNP-HSA, secretory granules were retained in cytoplasm for longer times in the case of Dock5 / BMMCs (Fig. 3 G) , suggesting that DOCK5 regulates movement of secretory granules. Intracellular trafficking of secretory granules depends on microtubule dynamics (Martin-Verdeaux et al., 2003; Smith et al., 2003; Nishida et al., 2005; Dráber et al., 2012) . When IgE-sensitized WT BMMCs were stimulated with DNP-HSA, the intensity of tubulin staining was enhanced and network formation was detected (Fig. 3 H) . However, such microtubule formation was severely impaired in Dock5 / BMMCs (Fig. 3 H) . Consistent with this finding, the amount of polymeric tubulin was markedly reduced in Dock5 / BMMCs, as compared with that in WT BMMCs (Fig. 3 I) .
To examine to what extent DOCK5 deficiency affects microtubule dynamics, we expressed GFP-tagged C-terminal fragment of adenomatous polyposis coli (c-APC), a molecular probe to detect the growing ends of microtubules (MimoriKiyosue et al., 2000) , in WT and Dock5 / BMMCs and measured microtubule growth rates (Video 1). We found that DOCK5 deficiency reduces the growth speed of microtubules to 32% of the WT level (0.357 vs. 0.116 µm/s; Fig. 3 J) . These results indicate that DOCK5 controls mast cell degranulation by regulating microtubule dynamics. (A) After expression of FLAG-tagged Nck2 and/or V5-tagged GSK3 in HEK-293T cells with GFP-tagged WT or mutant DOCK5, cell extracts were immunoprecipitated with anti-FLAG antibody. The precipitated proteins (top two panels) and total lysate control (bottom three panels) were analyzed by immunoblot for GSK3, Nck2, or DOCK5. (B) The MC/9 cell lysates were pulled down with GST alone or GST-fusion Nck2 (WT and W148K mutant), and the bound proteins and total lysate control (input) were probed by immunoblot with anti-GSK3 antibody (top). The recombinant proteins used in this assay were detected with CBB staining (bottom). (C) After expression of GFP-tagged WT or mutant DOCK5 in HEK-293T cells with FLAG-tagged Nck2 and/or V5-tagged GSK3, cell extracts were immunoprecipitated with anti-GFP antibody. The precipitated proteins (top two panels) and total lysate control (bottom three panels) were analyzed by immunoblot for GSK3, DOCK5, and Nck2. (A-C) Data are representative of six (A), two (B), or four (C) independent experiments. (D) After expression of GFP-tagged WT DOCK5 in HEK-293T cells with V5-tagged Akt, RSK2, or S6K, cell extracts were immunoprecipitated with anti-GFP antibody. The precipitated proteins (top two panels) and total lysate control (bottom two panels) were analyzed by immunoblot for DOCK5 or V5-tagged proteins. (E) The MC/9 cell lysates were pulled down with GST alone or GST-fusion Akt, and the bound proteins and total lysate control (input) were probed by immunoblot with anti-DOCK5 antibody (top). The recombinant proteins used in this assay were detected with CBB staining (bottom). (F) After expression of FLAG-tagged Nck2 and/or V5-tagged Akt in HEK-293T cells with GFP-tagged WT or mutant DOCK5, cell extracts were immunoprecipitated with anti-FLAG antibody. The precipitated proteins (top two panels) and total lysate control (bottom three panels) were analyzed by immunoblot for Akt, Nck2, or DOCK5. (D-F) Data are representative of three (D), two (E), or five (F) independent experiments. (G) IgE-sensitized WT and Dock5 / BMMCs were stimulated with DNP-HSA for the indicated times, lysed, and analyzed by immunoblot for phosphorylated and total GSK3. (H) GSK3 phosphorylation in WT BMMCs treated with 100 nM wortmannin was assayed by immunoblot. Total GSK3 is show as a control. (I) IgE-sensitized (Kulkarni et al., 2011) , the valine residue at position 1559 of DOCK5 was expected to function as a nucleotide sensor. Indeed, when this valine was mutated to alanine, the Rac GEF activity of DOCK5 DHR-2 was completely lost (Fig. 5 C) . However, the expression of this GEF-dead DOCK5 mutant (V1559A) completely restored degranulation response of Dock5 / BMMCs (Fig. 5, D and E) , indicating that DOCK5 regulates mast cell degranulation independently of its Rac GEF activity. Unlike DOCK2, DOCK5 encodes canonical proline-rich sequences at its C terminus that are likely to bind to the Src homology 3 (SH3) domains. When the C-terminal 95 amino acid residues (1774 to 1868) containing the prolinerich sequences were deleted from DOCK5 (Fig. 5 B) , this C95 mutant failed to rescue the degranulation defect in Dock5 / BMMCs (Fig. 5, D and E) .
We next searched for the binding partner of the C-terminal region of DOCK5 necessary to transmit the signal for mast cell degranulation. Nck1 and Nck2 form a family of ubiquitously expressed adaptor proteins comprising primarily three N-terminal SH3 domains and one C-terminal SH2 domain (Li et al., 2001) . We found that DOCK5 binds to Nck2, but not Nck1, by expressing these constructs in human embryonic kidney 293T (HEK-293T) cells (Fig. 5 F) . As this binding was completely abolished by deleting the C-terminal 95 amino acid residues of DOCK5 (C95; Fig. 5 G) , it seemed likely that Nck2 associates with DOCK5 through the SH3 domain. Indeed, the association between DOCK5 and Nck2 was abolished by mutating the tryptophan residue located in the center of the second SH3 domain of Nck2 to lysine (designated W148K; Fig. 5 H) . Similar results were obtained when cell lysates of the mast cell line MC/9 were subjected to pull-down assays with glutathione S-transferase (GST)-fusion recombinant protein encoding WT Nck2 or W148K mutant (Fig. 5 I) . In contrast, inactivation of the first or third SH3 domain of Nck2 (W38K or W234K) did not affect DOCK5 binding (Fig. 5 H) . These results indicate that Nck2 associates with DOCK5 through the second SH3 domain.
To reveal the functional significance of this interaction, we first expressed WT or mutant Nck2 in the mast cell line MC/9. When MC/9 cells stably expressing WT Nck2 were sensitized with anti-DNP IgE antibody and stimulated with DNP-HSA, 20-30% of the total amount of -hexosaminidase was released (Fig. 5 J) . However, the expression of W148K, but not W38K and W234K, in MC/9 cells markedly suppressed FcRI-mediated -hexosaminidase release (Fig. 5 J) , suggesting that the W148K mutant acts in a dominantnegative manner. Consistent with this, microtubule formation after FcRI cross-linking was hardly detected in MC/9 cells expressing W148K mutant (Fig. 5 K) . In addition, we found that FcRI-mediated degranulation was severely impaired in MC/9 cells by knocking down Nck2 expression using siRNA (Fig. 5, L and M) . Collectively, these results indicate that the association between DOCK5 and Nck2 is essential for mast cell degranulation.
DOCK5 forms a novel multimolecular complex to phosphorylate and inactivate GSK3
During the course of screening for Nck2-binding proteins, we found that Nck2 and GSK3 were coimmunoprecipitated when expressed in HEK-293T cells (Fig. 6 A) . As this association was detected irrespective of the presence of DOCK5 (Fig. 6 A) , it was suggested that Nck2 itself associates with GSK3. Indeed, GSK3 was pulled down from MC/9 cell lysates with GST-fusion WT Nck2 and its mutant W148K (Fig. 6 B) . In line with this finding, GSK3 was immunoprecipitated with WT DOCK5, but not with C95 mutant, only when Nck2 was also coexpressed (Fig. 6 C) . Although GSK3 is phosphorylated at Ser9 by serine/threonine kinases such as Akt, p90 ribosomal S6 kinase (RSK), and p70 S6 kinase (S6K; Cohen and Frame, 2001) , DOCK5 was immunoprecipitated with Akt, but not with RSK and S6K (Fig. 6 D) . The significant, albeit weak, binding between DOCK5 and Akt was also observed in a pull-down assay using MC/9 cell lysates (Fig. 6 E) . When Akt and Nck2 were expressed with WT DOCK5 or C95 mutant, Akt and Nck2 were coimmunoprecipitated only in the presence of WT DOCK5 (Fig. 6 F) . Thus, DOCK5 forms a complex with Akt, Nck2, and GSK3.
To examine the physiological function of this multimolecular complex, we compared FcRI-mediated GSK3 phosphorylation between WT and Dock5 / BMMCs. After cross-linking of FcRI, GSK3 was phosphorylated at Ser9 in WT BMMCs (Fig. 6 G) . However, GSK3 phosphorylation was severely impaired in Dock5 / BMMCs as well as WT BMMCs treated with the PI3K inhibitor wortmannin (Fig. 6, G and H) . A similar defect was observed when MC/9 cells stably expressing the Nck2 mutant W148K were analyzed (Fig. 6 I) . In addition, we found that degranulation defect of Dock5 / BMMCs was rescued by treating them with the GSK3 inhibitor lithium chloride (LiCl; Klein and Melton, 1996) and SB216763 (Coghlan et al., 2000; Fig. 6, J and K) . Collectively, these results indicate that DOCK5 associates with Nck2 and Akt and regulates mast cell degranulation through phosphorylation and inactivation of GSK3. Fyn-Gab2-PI3K pathway normally operates even in the absence of DOCK5. Nonetheless, FcRI-mediated GSK3 phosphorylation was severely impaired in Dock5 / BMMCs. We found that DOCK5 also interacts with Akt, a serine/threonine kinase which phosphorylates GSK3 in a manner dependent on PI3K activation (Cohen and Frame, 2001) . Therefore, it is likely that DOCK5 acts as a signaling hub to facilitate GSK3 phosphorylation by Akt and to promote microtubule assembly during mast cell degranulation.
In conclusion, we have demonstrated that DOCK5 associates with Nck2 and Akt and regulates microtubule dynamics and mast cell degranulation through phosphorylation and inactivation of GSK3. As Dock5 / mice exhibit resistance to systemic and cutaneous anaphylaxis without showing any fetal defects, DOCK5 may be a novel therapeutic target for controlling type I allergic responses.
MATERIALS AND METHODS
Mice. Dock2 / , Dock5 / , and Kit W-sh/W-sh C57BL/6 (provided by S. Koyasu, RIKEN Center for Integrative Medical Sciences, Yokohama, Japan) mice have been described previously (Lyon and Glenister, 1982; Duttlinger et al., 1993; Fukui et al., 2001; Laurin et al., 2008) . Dock2 / and Dock5 / mice were backcrossed onto a C57BL/6 background for more than eight generations before use, and age-and sex-matched C57BL/6 mice were used as WT controls. Mice were kept under specific pathogen-free conditions in the animal facility of Kyushu University. The committee of Ethics of Animal Experiments at Kyushu University approved all animal experiments performed in this study.
Cell culture. For preparation of BMMCs, 6-8-wk-old mice were sacrificed and their BM cells were cultured in RPMI 1640 medium supplemented with 10% heat-inactivated FCS, 100 U/ml penicillin, 0.1 mg/ml streptomycin, 50 µM 2-ME, and 5 ng/ml IL-3 (PeproTech). The medium was changed every 3-4 d during culture. After 4-5 wk of culture, cells were stained to monitor surface expression of FcRI and c-kit before use. MC/9 cells were obtained from the ATCC and maintained in DMEM supplemented with 10% heat-inactivated FCS, 100 U/ml penicillin, 0.1 mg/ml streptomycin, 50 µM 2-ME, and 10% T-STIM with ConA (BD).
Passive systemic anaphylaxis. WT and Dock5 / mice were sensitized by intravenously injecting 10 µg anti-DNP mouse IgE antibody (SPE-7; Sigma-Aldrich) 24 h before intravenous administration of 100 µg DNP-HSA (Sigma-Aldrich). After antigen challenge, rectal temperatures were measured every 5 min for 30 min with a digital thermometer (Physitemp Instruments). Mice were then sacrificed and peripheral blood was taken by cardiac puncture to measure serum concentration of histamine with an ELISA kit (SPI-BIO).
Passive cutaneous anaphylaxis. WT and Dock5 / mice were passively sensitized by intravenously injecting 2 µg anti-DNP mouse IgE antibody. Then, 24 h later, mice were challenged by epicutaneous application of acetone/olive oil (4:1) alone to the right ear and 20 µl DNFB (0.6% wt/vol) in acetone and olive oil to the left ear. Ear-swelling responses were assessed by measurement of ear thickness with a digital thickness gauge (model 293-230; Mitutoyo). Net ear swelling was calculated as the difference in the thickness of the right and left ear.
Mast cell reconstitution.
Mast cell reconstitution of Kit W-sh/W-sh mice was performed as described previously (Grimbaldeston et al., 2005; Wolters et al., 2005) . In brief, 10 7 WT or Dock5 / BMMCs were injected into the tail vein of 6-7-wk-old Kit W-sh/W-sh mice. 11 wk after injection, mice were sacrificed and tissues were stained with toluidine blue to assess reconstitution about proximal signals downstream of FcRI (Alvarez-Errico et al., 2009; Gilfillan and Rivera, 2009; Kambayashi et al., 2009) , the distal mechanism controlling mast cell degranulation is poorly understood. Here we provide evidence that DOCK5 regulates FcRI-mediated mast cell degranulation in vitro and anaphylactic responses in vivo. Although FcRI-mediated proximal signaling events, including activation of tyrosine kinases and induction of calcium influx, occurred normally even in the absence of DOCK5, microtubule rearrangement and movement of secretory granules were defective in Dock5 / BMMCs. Our results thus identify DOCK5 as a critical regulator of microtubule dynamics during mast cell degranulation.
Although DOCK5 acts as a Rac GEF (Côté and Vuori, 2006; Sanematsu et al., 2013) , rescue experiments in DOCK5-null mast cells revealed that the Rac GEF activity of DOCK5 is not required for mast cell degranulation. Instead, we found that DOCK5 regulates mast cell degranulation through the association with Nck2. So far, many proteins that directly influence the actin polymerization machinery, such as WiskottAldrich syndrome protein (WASP), p21-activated kinase 1 (PAK1), and WASP-interacting protein (WIP), have been reported to bind to Nck (Li et al., 2001 ). However, although calcium mobilization, cytokine production, and/or PLC- phosphorylation was impaired in WASP-, PAK1-, or WIPdeficient BMMCs (Pivniouk et al., 2003; Kettner et al., 2004; Allen et al., 2009 ), these signaling events were intact in Dock5 / BMMCs. Therefore, it is suggested that DOCK5 regulates mast cell degranulation independently of a WASP-, PAK1-, or WIP-mediated pathway.
GSK3 is a serine/threonine kinase that negatively regulates microtubule dynamics (Cohen and Frame, 2001; Zhou and Snider, 2005) . In resting cells, GSK3 phosphorylates microtubule-binding proteins and inhibits their ability to promote microtubule assembly (Zhou et al., 2004; Yoshimura et al., 2005; Kim et al., 2011) . However, this inhibitory effect is relieved when GSK3 is phosphorylated at Ser9 (Cohen and Frame, 2001) . In this study, we have shown that DOCK5 forms a complex with GSK3 through the interaction with Nck2. When this complex formation was blocked, FcRI-mediated GSK3 phosphorylation at Ser9 was impaired, resulting in a marked reduction in microtubule dynamics and a severe defect in degranulation. Conversely, the defect in degranulation of Dock5 / BMMCs was rescued by treating them with the GSK3 inhibitors. These results indicate that the DOCK5-Nck2 axis regulates mast cell degranulation through phosphorylation and inactivation of GSK3.
Previous studies have indicated that the Fyn-Gab2-PI3K pathway plays a key role in translocation of secretory granules (Parravicini et al., 2002; Nishida et al., 2005 Nishida et al., , 2011 . However, downstream targets of PI3K activation remain to be determined. One such target may be GSK3 because treatment of WT BMMCs with the PI3K inhibitor suppressed FcRI-mediated GSK3 phosphorylation at Ser9. As FcRI-mediated Gab2 phosphorylation and PIP 3 production were unchanged between WT and Dock5 / BMMCs, it is clear that the encoding WT Nck2-IRES-GFP or mutant Nck2-IRES-GFP. These plasmids were transfected into Platinum-E packaging cells (provided by T. Kitamura, The University of Tokyo, Tokyo, Japan) using FuGENE 6 transfection reagent (Roche). The cell culture supernatants were harvested 48 h after transfection, supplemented with 5 µg/ml polybrene and 5 ng/ml IL-3, and used to infect MC/9 cells. After centrifugation at 2,000 rpm for 1 h, plates were incubated for 8 h at 32°C and for 16 h at 37°C. The adenoviral vector pAd-UbC-GFP-DOCK5 encoding GFP-fusion DOCK5 was generated by specific recombination of pENTR-UbC-GFP-DOCK5 with pAd/PL-DEST (Invitrogen). The pAd-UbC-GFP-DOCK5 with or without mutations was transfected into HEK-293A cells (Invitrogen) to amplify the recombinant adenovirus. The resultant virus was purified with cesium chloride centrifugation and was used to infect Dock5 / BMMCs. After 48 h of incubation, viable cells were recovered using Lympholyte-M (Cedarlane Labs) for degranulation assays.
Nck2 knockdown. The siRNAs Mm_Nck2_5, SI02670787; and Mm_Nck2_ 7, SI02713298 were obtained from QIAGEN for knockdown of Nck2 expression, and the irrelevant oligonucleotide SI03650318 was used as a negative control. Transfection was performed according to the manufacturer's instructions. In brief, 100 µl of the 200-nM siRNA solution in serum-free DMEM was mixed with 6 µl HiPerFect transfection reagent for 10 min at room temperature. This 100-µl mixture was added drop-wise to 2 × 10 5 MC/9 cells suspended in 100 µl DMEM containing T-STIM. The cells were incubated for 6 h at 37°C, and DMEM containing 400 µl T-STIM was added to the culture. After 48 h of incubation, cells were harvested for degranulation assay. Knockdown efficiency was checked by immunoblotting using antiNck2 antibody (EMD Millipore).
Pull-down assay, immunoprecipitation, and immunoblotting. IgEsensitized BMMCs were stimulated with 50 ng/ml DNP-HSA for specified times. To assess Rac activation, cell extracts were incubated with GST-fusion Rac-binding domain of PAK1 at 4°C for 1 h. The bound proteins were analyzed by SDS-PAGE, and blots were probed with anti-Rac1 antibody (23A8; EMD Millipore). To analyze tyrosine phosphorylation of PLC-2, cell extracts were immunoprecipitated with anti-PLC-2 antibody (Santa Cruz Biotechnology, Inc.), and the precipitates were analyzed with anti-phosphotyrosine antibody (pY99; Santa Cruz Biotechnology, Inc.). Activation of Lyn, Syk, Erk, p38, Gab2, Akt, and GSK3 were assessed with the phosphorylation-specific antibodies against Tyr396 of Lyn (EP503Y; Abcam), Tyr525/526 of Syk (C87C1; Cell Signaling Technology), Thr202/Tyr204 of Erk (D13.14.4E; Cell Signaling Technology), Thr180/Tyr182 of p38 (Cell Signaling Technology), Tyr452 of Gab2 (Cell Signaling Technology), Thr308 of Akt (Cell Signaling Technology), and Ser9 of GSK3 (D3A4; Cell Signaling Technology), respectively.
The following antibodies were used to evaluate DOCK5-mediated multimolecular complex formation in HEK-293T cells and MC/9 cells: anti-FLAG M2 antibody (Sigma-Aldrich), anti-GFP antibody (MBL), anti-HA antibody (Roche), anti-V5 antibody (Invitrogen), anti-Nck2 antibody, and anti-GSK3 antibody (BD). Polyclonal antibody against DOCK5 was produced by immunizing a rabbit with KLH-coupled synthetic peptide corresponding to the C-terminal sequence (PKARKSGILSSEPGSQ, residues 1853-1868) of mouse DOCK5. HEK-293T cell lysates were immunoprecipitated with the relevant antibodies for immunoblotting. To examine whether Nck2 or Akt associates with DOCK5, MC/9 cell lysates were incubated with GST-fusion Nck2 (WT and W148K mutant) or GST-fusion Akt at 4°C for 1 h. The bound proteins were analyzed by SDS-PAGE, and blots were probed with anti-DOCK5 antibody. The association of GSK3 with Nck2 was also examined by a pull-down assay using GST-fusion Nck2 (WT and W148K mutant). Bound proteins were eluted with 0.5 M NaCl and analyzed by SDS-PAGE, and blots were probed with anti-GSK3 antibody.
Polymeric tubulin assay. Polymeric tubulin assay was performed as previously described (Nishida et al., 2005) . In brief, IgE-sensitized BMMCs were stimulated with 100 ng/ml DNP-HSA for the specified times and were efficiencies. In separate experiments, reconstituted Kit W-sh/W-sh mice were sensitized with anti-DNP mouse IgE antibody and challenged with DNP-HSA for induction of passive systemic anaphylaxis.
RT-PCR.
RNA samples were treated with RNase-free DNase I (Invitrogen), were reverse-transcribed with oligo(dT) and SuperScript III reverse transcriptase (Invitrogen), and were amplified by PCR with specific primers described previously (Morii et al., 1997) .
Degranulation assay. 10 5 BMMCs and 10 5 MC/9 transfectants were sensitized for 3 h at 37°C with 1 µg/ml anti-DNP IgE antibody and were stimulated for 1 h with various concentrations of DNP-HSA in Tyrode's buffer (130 mM NaCl, 5 mM KCl, 1.4 mM CaCl 2 , 1 mM MgCl 2 , 5.6 mM glucose, 0.1% BSA, and 10 mM Hepes, pH 7.4). Where indicated, cells were treated with LiCl (Wako Chemicals), SB216763 (Sigma-Aldrich), or vehicle (H 2 O or DMSO) for 30 min before stimulation with DNP-HSA. Samples were centrifuged, and supernatant was collected to measure the released -hexosaminidase and histamine. To determine the total cell content of -hexosaminidase, cells were lysed with 0.5% (vol/vol) Triton X-100 in Tyrode's buffer. For degranulation assay, 100 µl of supernatants or cell lysates was incubated with 50 µl p-nitrophenyl-N-acetyl--d-glucosaminide (1.3 mg/ml in 0.1 M sodium citrate, pH 4.5; Sigma-Aldrich), and color was developed for 60 min at 37°C. The reaction was stopped by the addition of 150 µl of 0.2 M glycineNaOH, pH 10.7, and absorbance at 405 nm was measured with a microplate reader. Total amount of -hexosaminidase was comparable between WT and Dock5 / BMMCs (absorbance at 405 nm: WT 1.50 ± 0.15 vs. Dock5 / 1.56 ± 0.05; n = 3). Percent degranulation was calculated as follows: absorbance of culture supernatants at 405 nm × 100/absorbance of total cell lysate at 405 nm.
Measurement of cytokines and lipid mediators.
BMMCs were stimulated as described above. The cell culture supernatants were harvested 3 h after stimulation, and concentrations of IL-6 and IL-13 were measured with ELISA kits (from Thermo Fisher Scientific and R&D Systems). Concentrations of prostaglandin D 2 and leukotriene C 4 in cell culture supernatants were measured at 1 h and 15 min after stimulation, respectively, using ELISA kits (both from Cayman Chemical) according to the manufacturer's instructions.
Immunofluorescence microscopy and time-lapse imaging. IgEsensitized BMMCs were stained for 20 min at 37°C with LysoTracker red (Molecular Probes) for visualization of secretory lysosome. After stimulation with 15 ng/ml DNP-HSA, images were taken with a laser-scanning confocal microscope (LSM510 META; Carl Zeiss). For tubulin staining, BMMCs stimulated with 15 ng/ml DNP-HSA were fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100 in PBS, blocked with 1% BSA in PBS, and stained with anti--tubulin antibody (DM1A; EMD Millipore) and DAPI (Wako Chemicals). The DeltaVision Restoration Microscopy system (Applied Precision) with a 100× objective attached to a cooled chargecoupled device camera was used for microscopy. Images were acquired with the DeltaVision softWoRx Resolve 3D capture program and were collected as a stack of 0.2-µm increments in the z axis. To quantitatively analyze microtubule dynamics, BMMCs expressing GFP-tagged c-APC were sensitized with anti-DNP IgE antibody and stimulated with 50 ng/ml DNP-HSA. Images were taken every 2 s with the DeltaVision Restoration Microscopy system, and the dynamic behavior of c-APC at the distal end of microtubule was monitored by time-lapse imaging.
Plasmids and transfection.
The genes encoding Nck1, Nck2, GSK3, and Akt with appropriate tags were amplified by PCR and subcloned into the pcDNA vector (Invitrogen). The genes encoding GFP-tagged WT DOCK5 and its mutant were subcloned into the pCI vector (Promega) or pENTR vector (Invitrogen) with human ubiquitin C (UbC) promoter. These expression vectors were transfected into HEK-293T cells with polyethylenimine. The retroviral vector pMX was used to generate the plasmid
